A b s t r a c t
Potato late blight caused by oomycete Phytophthora infestans Mont de Bary remains the most significant agronomic and economic problem of potato husbandry. The unique rate of evolution of this pathogen as well as its migration are a major obstacle to producing varieties with durable late blight resistance. The best way to counter this threat is the anticipatory breeding based on donors that carry genes of resistance to a wide range of pathogen races. Combining multiple genes for late blight resistance in the same plant (pyramiding of genes) makes such resistance durable. The most promising way of obtaining such donors is introgression breeding of interspecific potato hybrids with resistance genes transferred from potato wild relatives -the tuber-bearing species of Solanum L. Molecular markers allowing to reliably distinguish between resistance genes of diverse specificity and successfully control their transfer in the process of crossing and selecting, dramatically increase the efficiency of introgression breeding for late blight resistance. We examined about 40 complex hybrids bred in the A.G. Lorkh All-Russian Research Institute of Potato Husbandry, the N.I. Vavilov AllRussian Institute of Plant Genetic Resources and the All-Russian Research Institute of Plant Protection using the germplasm of 16 species of tuber-bearing Solanum, and further maintained as clones. Each of these clones carries the genetic material introgressed from two to eight wild species established as the sources of resistance to late blight. Most of these clones have manifested, from year to year, high late blight resistance in field trials under natural infection and in vitro studies when detached leaves were infected with a highly virulent and aggressive isolate of P. infestans. SCAR (sequence-characterized amplified region) markers, the fragments of R genes of race-specific (vertical) resistance to late blight discerned in various Solanum species, were employed to screen the clones of interspecific hybrids. The information on the presence of SCAR markers for six R genes, i.e. R1 (chromosome 5), R2/Rpi-blb3 (chromosome 4), R3a and R3b (chromosome 11), RB/Rpi-blb1 = Rpisto1 (chromosome 8), and Rpi-vnt1.3 (chromosome 9), was juxtaposed against the indices of late blight resistance. Comparison of the resistance of the clones of interspecific hybrids and potato varieties devoid of R gene marker presumes a significant contribution of these genes to general late blight resistance of potato plants. The higher number of R gene markers per plant corresponded to superior late blight resistance. Presumably, future use of these clones for pyramiding resistance genes under the control of molecular markers will enable target introgression breeding. Such approach will streamline developing new potato varieties with durable late blight resistance to maintain high productivity even after significant changes in the populations of P. infestans.
Keywords: potato late blight, interspecific potato hybrids, wild Solanum species, introgression breeding, R genes for late blight resistance, Avr genes of P. infestans Late blight caused by oomycete Phytophthora infestans Mont. de Bary remains one of the most economically significant potato diseases which results in losses of at least 15 % of yield annually, and global economic damage, including expenses for chemicals for pathogen control, amounts to 10 bln US dollars [1] . Late blight epidemics of new P. infestans races due to the pathogen evolution and migration periodically destroy up to 70-100 % of yield [2] [3] [4] . Thus, varieties with durable resistance to a wide range of P. infestans, ensuring significant preservation of plant productivity in case of changes of the pathogen race composition in agrocenosis, are required for successful potato farming. Development of such varieties may be referred to as preventive breeding.
The sources of resistance to P. infestans, the Solanum L. species (section Petota Dumort.), play the defining role in this approach. Resistance genes have been identified in many representatives of Solanum genus from North and South America [5] , but only a few of them are available in commercial potato varieties (https://www.europotato.org). Development of interspecies hybrids on the basis of S. demissum was one of the first examples of introgression of such racespecific vertical resistance genes (R genes) obtained from wild species [6, 7] ; however, new races of P. infestans quickly overcame the stability obtained using this method [8] . Horizontal late blight resistance [8] [9] [10] common to a wide range of tuberiferous Solanum species is controlled by numerous race-nonspecific genes. They are mainly mapped as quantitative trait loci (QTL) only and explored to a lesser extent, as compared to race specific genes [5, 11, 12] . Expression of race-nonspecific genes depends heavily on external factors, which significantly complicated the work on breeding for horizontal late blight resistance.
Involvement of genetic sources in development of breeding-valuable trait donors takes place during pre-breeding selection. Collections of cultivated and wild tuberiferous Solanum species has been developed in N.I. Vavilov AllRussian Institute of Plant Genetic Resources (VIR, St. Petersburg) is one of the world largest ones. Here genetic centers of late blight resistant species formation have been identified [13] , and genetic bases for obtaining of interspecies donor hybrids [14] and collection of samples suitable for interspecies hybridization have been developed.
Complex interspecies hybrids with genetic material of several wild Solanum species may become the best donors for development of resistant potato varieties [10, 15, 16] , and stacking (combining) of different late blight resistance genes in a single plant ensures durability of this resistance. As a rule, wild congeners of potato and hybrids involving them contain several R genes with different race specificity [17] ; P. infestans race sets, with virulence factors determined using Mastenbroek and Black differential varieties, are normally used for their recognition [7, 18] . These differential races only identify 11 R genes of S. demissum (not all of which are cloned) and do not recognize other genes which may be present in Solanum species. Some of these differential plants have more than one R gene [19] . Avirulence gene ipiO, identifying RB/Rpi-blb1 gene in potato, which is common to S. bulbocastanum and absent in S. demissum [20] , is represented by two classes in P. infestans differential races.
Many problems of this kind have been solved by development of monogenic differential plants [21] . However, in this case the use of P. infestans races with known virulence genes will probably fail to provide the same R gene identification accuracy, as compared to their direct identification using molecular markers. Thus, effective search of resistance genes specific for a wide range of P. infestans races and their stacking are primarily based on molecular marking.
Markers representing resistance gene fragments are most suitable for review of large genetic collections and control of the results during breeding. Such SCAR (sequence characterized amplified region) markers, unlike flanking markers, completely preserve informative value even in case of significant recombination of genetic material in hybrid genomes. The main problem arising during the use of these markers is the necessity to distinguish functionally active genes from their inactive structural homologs. It should be noted that effectoromics methods [22] ensure more specific recognition of R resistance genes in plants: individual pathogen avirulence genes (Avr genes) are introduced in a plant as part of a vector, and evident hypersensitivity reaction indicates the presence of the respective R gene. This methodological approach has limitations as well, and the best results are achieved by combining of two complementary techniques.
This work presents the first data summary of long-term studies of collections of complex interspecies hybrids and potato hybrids, included in parentage of such hybrids or used as reference standards during evaluation of late blight resistance (some results were previously presented at EuroBlight Workshops, 2013, 2015; http://euroblight.net/). The performed summary allowed us to propose a new approach to development of varieties with durable resistance to late blight. This approach is based on development of a method of controlled introgressive breeding of complex interspecies potato hybrids with high late blight resistance, achieved by stacking of R resistance genes, controlled by molecular markers of these genes. A large pool of such hybrids used as breeding donors allows quick response to changes in pathogen population composition.
Application of the approach aimed at preventive breeding and problems related to it will be illustrated below, through the example of two groups of interspecies hybrids.
Techniques. The research included 10 varieties (Alpha, Desiree, Bintje, Early Rose, Eesterling, Escort, Gloria, Elizaveta, Svitanok kievsky and Sarpo Mira), Atzimba variety dihaploid and 39 clones of complex interspecies potato hybrids obtained in A. Late blight resistance of leaves was evaluated in long-term field trials in two regions of the Russian Federation, i.e. Northwest (VIR) and Central (AllRussian Research Institute of Phytopathology, VNIIF) in conditions of natural infection. Varieties Elizaveta, Udacha, Nayada and Petersburgskii (VIR) or Alpha, Bintje, Eesterling, Escort, Gloria, Robijn and Sarpo Mira (VNIIF) served as reference standards. During laboratory tests detached leaves of plants grown in a greenhouse were infected with a highly virulent and aggressive isolate of P. infestans (races 1-11) from VNIIF collection, with Santé variety used as a reference standard [23] .
Genomic DNA was extracted from leaves using AxyPrep™ Multisource Genomic DNA Miniprep Kit (Axygen Biosciences, USA). DNA concentration was measured at  = 260 nm using UV/Vis NanoPhotometer P300 nanophotometer (IMPLEN, Germany). Genomic DNA amplification, cloning and amplicon sequencing methods have been described by us earlier [24] . PCR was performed in a DNA amplifier DNA Engine PTC-200 (Bio-Rad, USA) with 1.0 unit of Taq DNA polymerase (Fermentas, USA), and for R2-2500 marker with
Thermo Scientific™ CloneJET™ PCR Cloning Kit and pJet vector (Fermentas, USA) were used. Sequencing was performed using ABI PRISM 3130xl (Applied Biosystems, USA) or Nanofor 05 (Analytical Instrument Engineering Institute of RAS, Russia). The primers were synthesized by ZAO Syntol (Russia). Sequenced fragments were assembled using SeqMan package, Lasergene 7.0 (available at http://www.dnastar.com).
Correlation analysis was performed using Statistica 6.0 software (StatSoft Inc., USA; available at http://www.statsoft.com/) with evaluation of Pearson's parametric correlation and Spearman's rank correlation, as well as using Wilcoxon's nonparametric test. All correlation coefficients were significant at p < 0.05.
Results. Work with clone collections of potato varieties and hybrids [15] 
In field conditions at natural P. infestans infection the majority of the studied interspecies hybrid clones demonstrated high resistance to late blight every year, which was comparable to that of the reference variety Sarpo Mira (8 points). High resistance of clones (up to 7 points) was registered in laboratory tests as well.
The differences between the field and laboratory test results (1-3 points) for the majority of potato hybrid and variety clones can be explained by more favorable conditions for pathogen development in the laboratory test [3] and the contribution of other plant organs to general resistance [25] . In cases when these differences are especially big, significant activity of race-nonspecific resistance genes can also be expected. Field and laboratory resistance indices are closely related (Pearson's correlation coefficient 0.963 is significant at p < 0.01). Well-verified SCAR markers of 6 race-specific late blight resistance R genes localized in six of 12 potato chromosomes were selected for screening: R1 (chromosome 5), R2/Rpi-blb3 (chromosome 4), R3a and R3b (chromosome 11), RB/Rpi-blb1 = Rpi-sto1 (chromosome 8) and Rpi-vnt1.3 (chromosome 9) ( Table  1 ). These markers have been developed for late blight resistance R genes, initially characterized in four Solanum species, S. bulbocastanum, S. demissum, S. stolon-iferum and S. venturii.
Sequence characterized amplified region (SCAR) characteristic of potato (Solanum L.) R late blight resistance gene markers used in the work
Two contrast groups of potato genotypes were selected to illustrate the screening results (Table 2) . These are hybrids with 3-4 R resistance gene markers corresponding to high late blight (these forms constitute the majority of interspecies hybrids studied by us) and hybrids with high resistance and small number of markers. The markers used by us have been developed for late blight resistance R genes initially characterized in four Solanum species, S. bulbocastanum, S. demissum, S. stoloniferum and S. venturii. Comparison of interspecies potato hybrid clones and wild Solanum species used during development of these hybrids [24, 26] has confirmed that the composition of R genes in hybrids mostly corresponded to their parentages. R1, R2, R3a and R3b gene markers were most probably transferred from S. demissum, however, according to screening of the large collection of wild Petota section species [24] , they could originate from other wild species indicated in parentages. Genetic material of S. bulbocastanum was nor used for development of the studied hybrids, and in cases where we identify Rpi-blb1 gene marker, it was transferred from S. stoloniferum, a tetraploid species; presumably, one of its genomes originates from S. bulbocastanum [27] . The screening results sufficiently correlate with Rpi-blb1-820 and Rpi-sto1-890 markers which correspond to two gene regions Rpi-blb1 = Rpi-sto1, located at a significant distance from each other. The presence of R1 gene in S. stoloniferum has been confirmed by detailed studies of this specie [31] , including cloning of a full-size R1 ortholog (GenBank accession number KU302613, National Center for Biotechnology Information -NCBI, USA); apart from that, the presence of R1 functional gene in S. stoloniferum has been confirmed using effectoromics method [32] .
Distribution of sequence characterized amplified region (SCAR)
In some cases interpretation of the obtained data is impossible without further in-depth studies. This relates to Rpi-blb1-820 and Rpi-sto1 markers present in hybrids without S. stoloniferum specie in parentage. We have also discovered Rpi-vnt1.3 gene marker in the majority of markers, origin of which is not related to S. venturii. This is consistent with the recent report [30] on the presence of structural homologs of the said genes in S. microdontum ssp. gigantophyllum and S. phureja (NCBI GenBank accession numbers GU338312, GU338337). Cloning of SCAR markers of R genes from interspecies hybrids performed by us has demonstrated that nucleotide sequences of these markers are 98-100 % identical to prototype genes. In cases where variations are observed, they can be attributed to species (allelic) diversity of R genes within Petota polymorphic section [33] . It appears that the studied R genes are common beyond the species in which they were described for the first time, i.e. more common than it was suggested earlier. The same was confirmed by the results of Solanum wild species screening performed by us earlier [17, 24, 26, 33] . Similar results were obtained by H. Rietman using effectoromics method [32] .
Correlation of the presence of a marker with availability of a functional R gene is the most important question during marker analysis of wild and cultivated potato species. Even complete similarity of marker sequence and prototype gene does not serve as evidence of functional activity: structural differences may be beyond the marker borders, and a single nucleotide substitution is sufficient for change of R gene product (kinase) function [34] . Possibly, the use of specific Avr genes distinguishing functional R genes from their inactive homologs will provide more clear answer [22] .
Correlation between the presence of these markers and late blight resistance of plants is a circumstantial evidence of functional activity of R genes identified using SCAR markers. The Figure shows the correlation between field and laboratory resistance of 40 potato hybrids and varieties and the number of R resistance gene markers per plant as a characteristic of late blight resistance genes stacking. Forty genotypes were selected for calculations, i.e. 10 varieties with low and high resistance and all hybrids, except for forms with presumably unknown resistance genes (see bottom of Table 2 ). Indeed, in this case resistance of plants as per results of field and laboratory tests is closely related to the presence of R gene markers: the respective Pearson's parametric correlation coefficients (0.74 and 0.67) and Spearman's rank correlation coefficients (0.66 and 0.64) were significant at p < 0.01, and correlation as per Wilcoxon's test at p < 0.05. These data are indicative of evident contribution of race-specific genes to late blight resistance of potato plants [12] . Resistance increased with increase in the number of R gene markers transferred by hybridization method (see Fig.) . It suggests that further crossings for gene accumulation and selection of the best resistance gene combinations, controlled by R gene markers will allow combining more resistance genes in a single plant, as compared to modern genetic engineering techniques [1] .
A small group of interspecies potato hybrids, which was not included in the above mentioned statistical analysis, is of particular interest. They are characterized by high late blight resistance, but do not contain the expected large number of R gene markers (see Table 2 ). It was found that these forms include Atzimba variety dihaploid as well. These forms probably carry race-specific and race-nonspecific resistance genes, which cannot be detected with the markers used. Currently we are performing work on development of markers to these genes and their validation for selection screening.
Thus, the best method of prevention of new P. infestans races emergence is preventive breeding, i.e. development of breeding donors for late blight on the basis of interspecies hybrids with resistance genes transferred from wild potato congeners. Durable resistance of these hybrids is determined by stacking several R genes (jointly they ensure recognition of pathogen races with a wide specificity range and quick response even to rapid changes in P. infestans populations). This problem can be solved by search of new initial material among cultivated and wild forms of Solanum L., Petota section (wild species previously not involved in crossing are of particular interest) and development of interspecies donor hybrids pool with several resistance genes by means of introgressive MAS.
Currently this pool maintained as clone collections of VIR, All-Russian Research Institute of Potato Husbandry and All-Russian Research Institute of Phytopathology contains more than 60 interspecies potato hybrids characterized using morphophysiological, phytopathological and molecular methods, which are unique in agriculturally valuable gene composition and represent ready-to-use breeding material for variety development within short timeframes. They are obtained by traditional hybridization methods, which are more labour-and timeconsuming, as compared to genetic transformation using two or three resistance genes with wide specificity. However, the number of agriculturally valuable genes per plant in these hybrids and ability to resist a larger number of P. infestans races of the described clones is higher, as compared to forms developed using genetic engineering techniques. Another benefit of breeding donors on the basis of interspecies hybrids is preservation of genetic environment inherited from parental forms (including horizontal resistance genes) for introgressed race-specific resistance genes. This ensures stability of developed varieties and slows down selections of more adapted pathogen forms in crops.
Thus, the use of resistance gene molecular markers in introgressive breeding is a transition to the development of conceptually new breeding donors. We have demonstrated the substantial contribution of R genes to late blight resistance of potato plants, which increases significantly in case of stacking genes with different specificity, through the example of potato hybrids carrying genetic material of several wild Solanum species. Our studies of interspecies hybrid clones using markers of 6 R genes allowed identification of two genotype groups: unique donors for development of new varieties, and the hybrids carrying rare alleles of resistance genes which makes them promising, first of all, as initial material for search and isolation of previously unknown R genes. Further stacking of resistance genes by crossings, using thoroughly characterized donors and molecular markers, will allow development of potato varieties able to preserve productivity even in case of significant changes in Phytophthora infestans populations in the nearest future. This, in its turn, requires studies of resistant gene specificity and development of reliable markers for mass selection screening.
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